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Long-term gene expression and 
phenotypic correction using 
adeno-associated virus vectors in 
the mammalian brain 
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Adeno-associated viral (AAV) vectors are non-pathogenic, Integrating DNA vectors in 
which all viral genes are removed and helper virus is completely eliminated. To evaluate 
this system in the post-mitotic cells of the brain, we found that an AAV vector containing 
the /acZ gene (AAVIac) resulted in expression of p-galactosidase up to three months 
post-Injection in vivo. A second vector expressing human tyrosine hydroxylase (AAVth) 
was injected into the denervated striatum of unilateral 6-hydroxydopamlne-lesioned rats. 
Tyrosine hydroxylase (TH) immunoreactivity was detectable in striatal neurons and glla 
for up to four months and we also found significant behavioural recovery in lesioned rats 
treated with AAVth versus AAVIac controls. Safe and stable TH gene transfer Into the 
denervated* striatum may have potential for the genetic therapy of Parkinson's disease. 
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The ability to manipulate the expression of genes within 
the mammalian brain provides unique opportunities to 
study and potentially treat neurologic disorders. Vectors 
based upon DNA viruses are most appropriate for 
transduction of post-mitotic cells within the brain, since 
retroviral vectors only function within dividing cells 1 . 
Recombinant herpes simplex virus type 1 (HSV) was 
originally used for gene transfer into neurons in tissue 
culture and in mrf* f as HSV is a naturally neurotropic 
virus, Typically, these vectors carry deletions in viral 
genes which either limit the toxicity of replicating viruses 
or render the vectors replication defective, thereby 
decreasing pathogenicity. However, they retain numerous 
functional viral genes, which may be cytotoxic to the 
recipient cells and which can potentially reactivate latent 
viruses which exist within most adults 4 * 5 . More recently, 
recombinant adenoviral vectors have been used as 
neuronal gene transfer vehicles but these also retain viral 
genes which can produce viral proteins within recipient 
cells". 

In order to eliminate viral gene expression, defective 
viral vectors have been developed. For example, defective 
HSV vectors contain an HSV origin of DNA replication 
and a cleavage/packaging signal, which are recognition 
sequences, but no viral genes. In the presence of a helper 
virus, the plasmid is replicated and packaged into an HSV 
particle, creating a defective viral, vector 1041 . Previously, 
we and others have demonstrated that defective HSV 
vectors can transfer foreign genes into the adult central 
nervous system (CNS) in wvo IW \ Although HSV mutants 
have been used as helper viruses 1 *" 15 , however, issues of 
continued helper virus gene expression, pathogenicity 
and reversion to wild-type still remain. 



The adeno-associated viral (AAV) vector system is a 
new approach to gene transfer in the CNS. Wild-type 
AAV is a nonpathogenic parvovirus which is incapable of 
autonomous replication and spread* A productive 
infection requires co -infection by anon- AAV helper virus 
(either adenovirus or HSV) which provides proteins 
necessary for AAV replication 16,17 . In the AAV vector 
system, 96% of the parental genome has been deleted such 
that only the terminal repeats remain, containing 
recognition signals for DNA replication and packaging. 
AAV structural proteins are provided in trans by co- 
transfection of the AAV vector with a helper plasmid 
containing the missing AAV genes but lacking replication/ 
packaging signals IM \FoUowingm^ 
two populations of particles are obtained: progeny helper 
adenovirus and AAV vectors encoding foreign genes; the 
helper plasmid Jacking AAV terminal repeats is not 
packaged. Since the AAV coat proteins are structurally 
distinct from the helper adenovirus, contaminating 
adenovirus particles can be completely removed. The 
AAV vector is thus unique among current DNA viral 
vectors, as it contains only the gene of interest with no 
viral genes and is completely free of contaminating helper 
vims. An important basis for pathogenicity is thereby 
eliminated, rendering this system particularly suited to 
human gene therapy. 

One CNS disorder which may be amenable to gene 
transfer techniques is Parkinson's disease (PD). PD is 
characterized by loss of the nigrostriatal pathway and is 
responsive to treatments which facilitate dopaminergic 
transmission inthecaudate-putamen^.ln rodent models 
of PD, mesencephalic fetal cells or genetically modified 
cells expressing tyrosine hydroxylase (TH) synthesize 
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Rg. 1 Transfer of the /acZ gene Into 
rat brain via an AAV vector, a and b f 
Staining for (J-gafactosidase 
histochemistry three days after 
Injection of AAVIac. Positive cells are 
seen within the hippocampus (a) and 
lateral cortex (b), with processes 
suggestive of neuronal staining 
particularly evident in the lateral 
cortex, c, JJ-galactosidase expression 
In the caudate nucleus three months 
after Injection of AAV/lac, 
demonstrating the continued 
presence of enzymatlcalfy active 
foreign gene product. d t 
Demonstration of the presence of /acZ 
DNA in caudate nucleus two months 
following Injection by fn situ PGR. 
Staining was not observed Jn the 
opposite caudate nor in sections from 
animals injected with adenovirus 
dl309. All sections were 30 um thick 
and were counterstained with 
hematoxylin and eosin. Magnification: 
a, 100x;£>-d, 4QQx. 



dihydroxyphenylalanine (L-Dopa), which induces 
behavioural recovery 22-1 *. Moreover, direct gene transfer 
into the denervated striatum of lesioned animals with 
defective HSV vectors encoding TH can also be successful 
(M.J.D., etaU manuscript submitted). 

We now report the successful application of the AAV 
vector system in transducing long term facZ gene 
expression in various brain regions. Furthermore, long 
term TH expression was demonstrated in the denervated 
striatum, and significant behavioural recovery was 
observed in lesioned animals with no evidence of 
pathogenicity. 

AAV vector for gene transfer Into brain 

An AAV plasmid encoding the lacZ gene was created by 
subcloning the human cytomegalovirus (CMV) 
immediate- early promoter, lacZ and an SV40 
polvadenyiation signal between the terminal repeats of 
the AAV genome in plasmid psub201 (ref. 19). These 
termini contain the recognition signals necessary for 
replication and packaging into an AAV vector. Cells were 
co-transfected with p AAVIac and pAAV/Ad, and then 
infected with adenovirus type 5 (strain dl309) 3 * to provide 
remaining functions necessary for AAV replication (see 
Methodology). 

AAV vectors were titered by infection of cultured 293 
ceUsfoUowedbyhistochemicalstamuigforp'-galactosidase 
expression and counting of the resulting blue cells. There 
was no difference in the number of cells observed at one 
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and five days following infection, demonstrating an 
absence of vector replication and spread. When the process 
was repeated using a ladZ plasmid without the AAV 
recognition signals, no positive cells were observed 
folio wing infection with the resulting stock. The complete 
elimination of adenovirus was confirmed by the inability 
to detect any viral plaques in cultured cells one week 
following infection with this viral stock. This indicates 
that the ta<Z gene was packaged into an AAV virus which 
was incapable of autonomous replication while residual 
adenovirus was completely eliminated. 

AAV-medlated gene expression In adult rat brain 

AAVIac was stereotactically microinjected into various 
regions of the adult rat brain> including caudate nucleus, 
amygdala, striatum and hippocampus. Initially, animals 
were killed between one and three days following injection 
and sections were processed for p-galactosidase expression 
via X-gal histochemistry. Positive cells were found within 
each region (Fig. la and b) . The efficiency of gene transfer 
into the brain appeared to be at least 10%, which is 
equivalent to previous observations with HSV or 
adenovirus vectors 2AtJS * 12 -'*, and with an earlier observation 
of short-term expression from an AAV vector in the brain 
(Xiao, X, & Samulski, RJ„ manuscript submitted), 

In order to analyse the long-term stability of AAV gene 
transfer and expression within the mammalian brain, 
animals were injected in the caudate nucleus with AAVIac 
and killed 2-3 months following surgery. Sections were 
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processed for X-gal histochemistry, using a technique 
which completely eliminates background staining 12,14 , in 
order to identify cells containing functional p- 
galactosidase. Positive cells were identified within injected 
regions of the caudate nucleus up to 3 months following 
vector injection (Fig, lc). Additional animals were then 
killed and tissue section s from these animals were examined 
using the polymerase chain reaction (PGR), which was 



modified to permit amplification and visualization of 
viral vector DNA in 5irw 27 * 29 . Numerous cells within the 
brain were detected which retained the bacterial JocZ gene 
after two months (Fig. Id). There was no staining on the 
contralateral side, in sections processed without Taq 
polymerase or in sections from brains injected with 
adenovirus alone (data not shown). At no time were 
behavioural or physiological abnormalities detected within 







Fig. 2 Immunohlstochemlcal detection of human TH expression within the caudate nucleus of 6-OHDA lesloned rats 
following Injection of AAVth. a, Absence of Jmmunostalnlng In caudate following Injection of AAViac. No staining was ever 
observed In AAVIac animals, and staining was also always absent from the unlnjected caudate from AAVth animals, b and 
c, TH expression tn ceils of the caudate nucleus four months after Injection of AAVth. These sections were 30 urn thick, 
which prevented morphological Identification of positive cells. Approximately 30 cells are seen at the she of Injection p) 
and cells are also seen 2 mm away from the injection site (c), although fewer cells are present at 2 mm. This observation 
was repeated twice at four months following Injection, while comparable results were obtained from three animals at two 
months and two animals at one month following Injection, rf, TH expression in caudate one week following AAVth 
Injection. This section was 7 nm thick, revealing the neuronal appearance of the majority of positive cells. 50 positive cells 
can be seen In this section, which is representative of approximately 60 consecutively positive sections obtained from 
each short-term animal. Fewer cells were observed as far as 280 sections (2 mm) away from the Injection sfte. This result 
was repeated twice at one week following Injection, and comparable results were obtained from nine animals at 46 h and 
nine animals at 24 h post-1 njectlon. e and f, Double-label Immunocytochemlstry demonstrating neuronal TH expression* e, 
TH expression In a caudate cell (arrow) was revealed using a FITC-labelled secondary antibody, f, Neuronal Identification 
of the TH-expressIng cell (arrow) was obtained by sequentially staining the same section with an ant) -neurofilament 
antibody and visualization with a Texas red-conjugated secondary antibody. Magnification: a-d, 400x; e and f, 630x. 
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Fig. 3 Effect of AAVth injection upon rotational behavior of 
6-OHDA lesioned rate. Rotational behaviour was Induced 
In lesioned rats by administration of apomorphfne. Rata 
were tested over a period of at least six weeks prior to 
Injection of AAV vectors in order to obtain consistent 
baseline rotational rates. Animals Infected with AAVIac 
(n*=3) as well as PBS-lnjected animals (n«4) exhibited no 
change In rotational rate throughout the two month test 
period following surgery* Subjects treated with AAVth (r>±*4) 
demonstrated a significant decrease In rotational rate 
compared with baseline, PBS or AAVIac treated animals 
(p<0.02) reaching 36% by two months following vector 
injection. Asterisks indicate time points which yielded 
significant improvement compared with PBS and AAVIac 
treated controls (p<0.05) as determined by post-hoc 
analysis and error bars are standard errors, 



the animal subjects, and the brain sections showed no 
evidence of pathology resulting from the AAV gene 
transfer. 

Human TH expression In 6-OHDA lesioned rats 

In order to generate vector AAVth, which may have 
therapeutic utility in human Parkinson's disease (PD) 
patients, the focZ gene was replaced with a human TH 
cDNA (form II) 90 . AAVth was packaged and helper virus 
was eliminated as before (see Methodology). Following 
injection of AAVth into the denervated striatum of rats 
with substantia nigra lesions (see below), animals were 
analysed for TH expression from 24 hours up to four 
months (Fig. 2). Expression of TH from the AAV vector 
was detected using immunocytochemistry with a mouse 
monoclonal anti-TH antibody. Although this antibody 
does not distinguish between the rat and human protein, 
TH is not expressed within either the intrinsic neurons or 
glia of the rat striatum". Furthermore, endogenous TH 
immunoreactivity(TH-IR) is limited to the dopaminergic 
afferent fibres within the striatum of unlesioned animals, 
and is therefore completely absent in the fully denervated 
striatum. In both control, uninfected rats and AAVIac- 
injected rats there was no striatal TH immuno reactivity 
(TH-IR) on the denervated side (Fig, 2a). In contrast, in 
the denervated striata injected with AAVth, numerous 
TH-IR cells were clustered around the injection site (Fig, 
2b and d) and extending to two mm away from the 
injection (Fig. 2c). No TH-IR cells were identified on the 
contralateral, uninjected side of these sections. The 
majority of cells within the striatum appeared to be neurons 
morphologically, and double-labelling with both the anti- 



TH monoclonal antibody and an anti-neurofilaraent 
antibody confirmed that a substantial number of striatal 
neurons expressed immunoreacttve TH de novo (Fig. 2e 
and/), Additional sections were double labelled with an 
antibody to glial fibrillary acidic protein (GFAP), which 
also demonstrated TH positive glial cells (datanotshown). 
Thus, following gene transfer into the rat striatum via an 
AAV vector, the majority of TH-IR cells in the striatum 
were neurons while a small percentage ofTH-IR cells were 
glial cells. 

Striatal TH expression was also examined at times ranging 
from three days to four months following injection of 
AAVth. Expression persisted throughout this four month 
period (Fig. 2b and c) r although the level of expression, as 
manifest by the number of positive cells, did appear to 
diminish. Furthermore, gene transfer appeared to be safe in 
the experimental subjects, as there were no signs of cytopathic 
effects in any animal (AAVth or AAVIac) at anytime. The 
only changes observed in the short term AAVth animals 
(examined less than one week following injection) was a 
slight needle injuryatthe injection site, which was similar 
inPBS-injectedand AAVlac-injected animals. In the long- 
term animals (greater than two months), the residual 
needle track was not consistently visible and there was no 
evidence of any neuronal injury or reactive gliosis. A total 
of 12 rats (AAVIac and AAVth) were studied for two 
months or longer and 37 rats (AAVIac and AAVth) were 
studied for variable times from 24 hours to one month, 
and there were no behavioural or gross pathological signs 
of brain damage and no deaths prior to experimental 
sacrifice in any subject. 

AAVth promotes behavioural recovery 

Unilateral 6-hydroxydopamine (6-OHDA) lesions of the 
substantia nigra have been used to generate an established 
rodent model of PD. In this model, the asymmetry caused 
by differing postsynaptic receptor sensitivities between 
the denervated and intact striatum results, in rotational 
behaviour following systemic administration of 
dopaminergic agents, such as the direct acting agonist, 
apomorphine* 2 . The rate of asymmetrical rotation is 
directly related to the severity of the striatal dopamine 
deficit and this model has predictive ability in defining 
treatments which may have therapeutic efficacy in PD* 334 . 
Lesioned rats were tested for apbmorphine-induced 
rotation every two weeks on a minimum of three occasions, 



and animals that satisfied behavioural criteria of >90% 
lesion efficacy were identified* 2 , AAVth or AAVIac virus, 
or PBS, was delivered by stereotactic injection into the 
denervated striatum. Animals were tested for 
apomorphine-induced asymmetrical rotation at one and 
two months. The rotational behaviour of the AAVIac and 
PBS injected animals were unaltered from baseline. In 
contrast, AAVth injected animals (n=4) demonstrated 
significant behavioural recovery (Fig. 3), compared to 
both the AAVlac-injected (w=3) or PBS-injected (n=4) 
groups (p<0.02;repeatedmeasuresAHOVA),Theaverage 
behavioural recovery caused by AAVth was 33 ± 9% at 
one month and was maintained at 36 ± 9% two months 
after injection, and post-hoc analysis inicated that both 



time points were statistically sign! 
baseline and controls (p<0.05). 



t compared with 



Discussion 

We report here the first demonstration that AAV vectors 
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can safely and stably transfer and express a potentially 
therapeutic gene in the adult rat brain. Furthermore, 
stability of viral DNAand tacZ expression within the brain 
was observed for at least three months. Expression of 
human tyrosine hydroxylase (hTH) was also demonstrated 
in rat brains which had previously received unilateral 6- 
OHDA lesions in the substantia nigra. The lesions 
permitted unambiguous identification of cells expressing 
hTH within the rat caudate nucleus from three days to 
four months following vector injection. The majority of 
positive cells were morphologically neurons* which was 
confirmed by double-label immunocytochemistry, 
although hTH expression was also demonstrated within 
glial cells. AAV vectors were injected into a total of 12 
long-term (at least two months) and 37 short term subjects, 
and absence of objective indicators of pathogenicity or 
toxicity suggests that this system is safe as well as effective. 

Using the 6-OHDA lessoned rodent model of PD, our 
study demonstrates that significant behavioural recovery 
can be achieved following AAVth injection. Other systems 
which have previously been used for this purpose, 
including implantation of heterologous cell types have 
varied widely, ranging from 30%-74% (reft 22,24). While 
it is believed that L-Dopa is converted to dopamine in situ, 
the source of decarboxylase activity has ye t to be identified. 
Generally* the remaining iiigra-striatal aJferents are the 
best candidates for this activity. The extent of the lesions 
in the animals used in the current study was such that few, 
if any, ntgra-striatal terminals remained. Therefore, a lack 
of substantial endogenous decarboxylase activity may 
have limited the effect of AAVth. This suggests that in the 
future, constructs encoding both dopamine biosynthetk 
enzymes (TH and aromatic acid decarboxylase) may result 
in far greater improvements in behavioural reco very* This 
is supported by the fact that the best behavioural recovery 
reported so for (74%) has been observed with transplanted 
muscle cells containing a tranfected TH gene, and muscle 
cells have endogenous decarboxylase activity 24 . 

The litre of the AAVth stock used for these in vivo 
studies was 5 x 10* infectious units/ml. Therefore a single 
injection of 2 pi would result in 10,000 positive ceUs if the 
efficiencyof infection was 100% and each particle infected 
a different cell. In the AAVth-injected animals, the total 
number of striatal cells containing TH-IR consistently 
exceeded 1 ,000 for each of the 2 ul injections suggesting a 
minimum of 10% in vivo efficiency, significantly greater 
than our previous observations using defective HSV-1 
vectors 12 ' 13 . Since previous infection of AAV does not 
prevent subsequent infection or md^ 
the same cell", the actual efficiency may be higher. 
Alternatively, since the cellular receptor for AAV is 
unknown, the efficiency of infectingstriatal cell types may 
be considerably less than determined with 293T ceils. 

Expression persisted for at least four months, however 
there was a decrease in the number of positive cells. While 
it is possible that vector genomes were lost from some cells 
or that some positive cells died, loss of foreign gene 
expression may more likely be due to the use of the CMV 
promoter. Earlier studies have shown a loss of transgene 
expression with time due to inactivation of genetic 
elements associated with some viral immediate early 
promoters 13 ** 6 . Therefore, endogenous cellular promoters 
may provide more uniform long-term expression. 
Although it appears that a greater percentage of TH- 
positive cells was observed in the current study when 



compared with previous CNS gene transfer studies, so far 
there has been no systematic analysis of long-term 
expression in either the HSV, adenovirus or AAV systems 
and this clearly requires further examination. The fate of. 
vector genomes within modified brain cells in vivo is at 
present unclear. Wild-type AAV can integrate within the 
chromosomal DNA of the host cell, a property unique 
among DNA viruses 16,17 . In human cells, integration 
appears to be targeted to a specific site on chromosome 1 9 
( 1 9q 1 3.3), although no specific site has yet been identified 
in rodent cells* 7 . The AAV vector can also integrate into 
human cells in culture, indicating that expression of AAV 
gene products is not required for integration". 
Furthermore, recent evidence has indicated that the AAV 
vector also can exhibit targeted integration into 
chromosome 19 in cultured haematopoietic stem cells". 
However, episomal copies of AAV vector genomes have 
also been demonstrated in some cultured human cells 30 . 
No information exists so far on the fate of AAV vector 
genomes in rodent cells or in any species following in vivo 
gene transduction. Additional studies will be valuable to 
determine the fate of AAV vector DNA within host brain 
cells in vitro and in vivo, and the role, if any, of integration 
in maintaining long-term expression. 

Our data suggest that AAV vectors may be a useful 
approach to alter in a safe and stable manner in vivo gene 
expression in neurons. Furthermore, AAV vectors 
expressing TH appear to have potential as a direct in vivo 
soma ticcell gene therapyapproach to Parkinson's disease. 
Further studies examining the efficacy of TH and other 
potentially therapeutic genes in rodent and primate 
disease models are in progress. Previous studies 
demonstrating gene transfer into the rodent CNS have 
used only marker genes or potentially toxic viral vectors, 
however, our current results indicate that safe and effective 
genetic therapy of CNS disease may be possible. 

Methodology 

Plaamlda. Plasmid pSub201 (ref, 19) was digested with Xbal to 
remove nearly the entire AAV genome, leaving only the terminal 
repeats. A CMV promoter- ffltZ genc-SV40 polvA signal cassette was 
isolated from plasmid pHCL" by digestion with Spd and XbaL, and 
this was inserted into Xfcd- digested p5ub201 to create pAAVlac. A 
second plasmid was created (pAAV-CMV-polyA) by digestion of 
p AAVlac with HindlW and Xbal to remove the ladZ gene and polyA 
signal, followed by insertion of a Hwdlll-Xfatf fragment from pREP4 
(Invitrogen)* containing a polylinker and 5V40 potyA signal. This 
plasmid was then digested with HitutiU and flumHi, followed by 
insertion of a human TH cDNA M in order to create pAAVth. 

Creation of defective viral vectors. In order to create AAV vectors, 
plasmids (p AAVlac or p AAVth) were transacted via the calcium 
phosphate method 44 into 293T cells (obtained from t). Baltimore, 
Rockefeller University), a variant of 293 cells 41 which constltutlvely 
express both the adenovirus £ 1 a protein and the SV4Q T antigen. The 
vector plasmids were co-transfected along with the helper plasmid 
pAAV/Ad JB , which encodes AAV structural proteins. The next day, 
cells were infected with adenovirus strain dl309 (ref. 26) (obtained 
from T. Shcnk, Princeton) « Following full cytopathic effect* virus was 
harvested by multiple freeze/thaw cycles. Viral stocks were then 
heated to 5 6 °C for 30 m in in order to inac ovate residual adenovirus 1 *. 
Vector litres were obtained by histochemlcal assay for X-gal u or 
immunocytochemicalidenti Ration ofhTH expression in 293T cells 
infected with serial dilutions of the vector stock, using a monoclonal 
anti-hTH antibody (Boehringer-Mannheim) and the ABC elite 
detection system (Vector labs). 

Animals. MaleSprague-Dawley rats were used in all studies. Animals 
were treated according to the NIH Guidelines for Animal Care and 
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Use, A total of 49 animals were studied. 19 animals received AAVlac 
and 30 animals received AAVth. Seven of the AAVlac animals were 
studied for two monthsor longer (including three 6- OHDA lesion ed 
rats used in the behavioural analysis). Five AAVth rats were studied 
at two months or longer (four with 6-OHDA lesions used for 
behavioural analysis). The remaining animals were studied at time 
points including 24 h (n=3 for AAVlac and n=9 for AAVth), 46 h 
(n=2 for AAVlac and rt=9 for AAVth), 1 week(««3 for both AAVlac 
and AAVth) and 1 month («-4 for both AAVlac and AAVth). 

AAVlac injection and X-GaJ histochemistry. Animals were 
anaesthetized with a mixture of enflurane and NO r Stereotaxic 
microinjection of AAVlac was used for all brain region injections, 
and coordinates were determined according to the atlas of Paxinos 
and Watson 41 * Following sacrifice, brain tissue was 6xed and stained 
with the histochemical substrate X-GaJ, as described previously"' 13 . 
5mM EGTA was included in the fixative in order to completely 
eliminate staining due to endogenous cellular enzymes"'". 

In situ PCR. Tissue was fixed in 4% paraformaldehyde in PBS (pH 
7.3). Brain sections were pre-treaced in detergent buffer (0.01% 
sodium deoxycholate/0.02% NP-40 in PBS) for i h. Following PBS 
wash» sections weredehydrated in alcohol and 200 ul of PCR reaction 
buffer was added to each slide (PCR reaction buffer: lx PCR buffer/ 
1 pM each primer/1 M MgC^/10 ul digongcnin-dUTP. Primers 
specific for the tacZ gene have been described". Slides were 
coverslipped and coverslips were anchored on one side with nail 
polish. Slides were placed on aluminum foil on the block of a thermal 
cycler! and the temperature was raised to 82 °C, Coverslips were 
raised* 2 ul of enzyme mix ( lx PCR buffer/2 U ml" 1 Taa) were added 
to each slide and coverslips were dropped. Slides were covered in 
mineral oil, and the following profile was rum 35 cycles of 2 min 55 
°Ct 2 min 72 *C, 2 min 94 *C Slides were placed in xylene to remove 
the mineral oil, and sections were re- hydra ted PCR product was 
detected in situ with on alkalinephosphaitase-labelled anti-digoxlgenin 
antibody, according to the manufacturer's instructions, 



Unilateral substantia nigra lcsloning. Unilateral nigral lesions were 
generated using the method of Perese etal 43 as described* 4 . In brief, 
male Spraguc Dawley rats, 290-310 g were anaesthetized with 
xylazine/kctaminc and placed in a Kopf stereotactic frame. The skull 
was exposed and burr holes drilled above the left substantia nigra, 
Lambda +3.5, L 2.15) Freshly made 6-OHDA (4 Jig in 2 ul of 0.1% 
ascorbic acid in PBS) was loaded into a Hamilton syringe which was 
lowered into two sites over 2 min. The coordinates of die medial site 
were lateral 1.9 and ventral 7.1 mm with the needle bevel lacing 
rost rally* whereas the lateral site was 2,3 mm lateral and 6.8 mm in 
the dorsal ventral plane with the needle bevel orientated laterally 41 . 
At each site 2 |il were injected over 5 min and the needle left in place 
for a further 5 min before being withdrawn over an additional 5 min. 

Behavioural testing. Rats were tested 10-16 days following the 6- 
OHDA injections. They were placed in a hemispherical rotometer 
and the total number of complete body turns was recorded from 1 5- 
20 min following the administration of apomorphine (1 mg kg~' 
intraperitoneally (Lp,)) as described". A minimum of three tests 
seperated by at least two weeks was used to generate a basal rotation 
rate. Animals which consistently exhibited stable (less than 25% 
variation) assymetrical rotational behavior of greater than 1 0 turns 
per min were randomly selected for either AAVlac, AAVth or PBS 
injection. 

Received 26 April; accepted 1 September 1994. 



Stereotactic injection of AAVlac or AAVth In 6-OHDA lesloned 
rats. Rats meeting the above behavioural criteria were anaesthetized 
with ketamin e/xylazine (7D mg per 7 mg per kg Lp.) and placed in a 
Kopf stereotactic frame, The skull was exposed and three holes 
drilled above the denervated striatum (left) at Paxinos & Watson" 
coordinatesofanterior->posterior{AP)0.2»tateral(LJ2.6an<lAP1.5 T 
L 2.0 and L 3.0. Either AAVlac, AAVth or PBS was injected slowly 
using a Hamilton syringe Into each of three sites at a DV depth of 5 
mm. Each injection volume was 2 ul Rats were tested for 
apomorphine~induced rotational behaviour at one and two months 
following surgery. 

TH, NF and GPAP i mm unocyto chemistry. For immuno- 
histochemical (IHC) analysis of brain sections, rats were deeply 
anaesthetized with chloral hydrate and perfused with 1 M PBS 
(pH=7.3) followed by 4% paraformaldehyde (PF). Brabs were 
removed and post- fixed (3-4 h) in 4% PF followed by ascending 
sucrose solutions (10/15/30% in PBS). Sections (7-30 Jim) were cut 
In a cryostat (Reichert-Jung) and mounted on polrlysine-coated 
slides. Sections were initially incubated in blocking buffer (5% Goat 
Serum (GS)/ 5% Normal Horse Serum (NHS) in 1 M Phosphate 
Buffer Saline (PBS)), followed by 2-4 h incubation at room 
temperature with mouse anti-TH primary antibody diluted in 
blockingbuffer (Boehringer Mannheim, 1 :200). After washing, anti- 
TH antibodies were detected with a Texas red-conjugated anti- 
mouse Ig antibody (Vector, 1:75). For double labelling, sections 
were again washed and then incubated with a second primary 
antibody* either mouse anti-NF ($igma,l:400) or rabbit anti-GFAP 
(gift from Dept Pathology, Memorial Hospital,l:800). Anti-NF, 
which was previously biotinylated, was detected by incubation at 
room temperature for 1 h with an avid in- FITC conjugate (Molecular 
Probes, 1:400). Anti-GFAP was detected by incubation with a 
biotinylated anti-rabbit IgG antibody (Vector, 1:400) following by 
detection with the avidin-FITC conjugate. Slides were coverslipped 
with PBS/Glycerol (0.05: 1 ) and kept at -20 °C 

Statistics, Between -group differences in apomorphine- induced 
rotation rates were evaluated using 3(group) x 5 (time) repeated- 
measures analyses of variance (ANOVAx), which were calculated 
using the raw rotation rate data. Treatment associated changes 
(decrease) in the rotational behaviour were treated as statistically 
reliable when there was significant differences between AAVth- 
treated and the AAVlac and PBS-treated groups, The significant 
AAVth effects were further analysed using post-hoc tests including 
Fisher's LeastSignificantDiffcrerice(LSD) and Tukey tests, comparing 
values for each of the two time intervals following AAVth 
administration (4 weeks and 9 weeks) with both the PBS-treated and 
AAVlac-trea ted controls animals. All statistical results were generated 
using the Systat Ver. 5.2. 1 software (Systat, Inc., Evans ton, IL). 



Acknowledgements 

We thank H Davis and P. Menesesfbr technical assistance* T. Skenkfor 
the gift ofdl309 and helpful discussions, D. Baltimore for the gift of 293 T 
cells, M.Rosenfcld for advice and assistance and f.Datmau for technical 
advice. This project was supported in part by NJH grant HIA8347 



Nature Genetics volumes October 1994 



153 



© 1994 Nature Publishfng Group, http://www.nature.com/naturegenetics 

article 



1 . Miller, D.G., Adam, MA & Miller, A.D. Gene transfer by retrovirus vectors 
«M^onlylnceJlsth«taraacth^repilc^^ 

C40, BW. 10, 432*4242 (1900). 

2. Ho, 0,Y. & MocaraM, €.3. B*geJactoaldss* n emarker fn the peripheral and 
neural tissues of 1he herpes-simplex vliue-lnfected mouse. Mtafooy 167, 
279-283 (1889). 

3. BreakefleM, XjO. & Oaluce. N A Herpes simplex virus far gene delivery to 
neurons. Mew Biol. 3, 203-218 (1901). 

4. Rofemsn, S, & JenWna, F J. Genetic engineering of novet genomes of large 
DMA viruses. Science 220. 1208-1214 (1085). 

6. Johnson, PA of 4. Cytotoxicity of a replication defective mutant of herpes 
simplex virus I.J. Wrof. 60, 2952-2066 (1902). 

6. Le Gat La 3aRe,G. at at An adenovirus vector for gene transfer into netuons 
and olla fn the brain, Science 269. 086-090 (1993). 

7. AMI, S. at af. Transfer of a foreign Into the brain using adenovlnj* vectors. 
Nanus Genetics 9 t 224-228 (f 903). 

& Davidson, B.L ef a/. A model system (or In vivo gene transfer Into the centra/ 

nervous system usi rig en *<ionoMr^ 
9. Neve, fi.L Adenovirus vector enter the breJn. Tm/wftWeunasc/. 16,251-253 

(1993). 

10. Spaets, fl,R. & Franks!, N. The herpes simplex vims ampUoon: A new 
oucoryotic o«f ecllve-vlTUS cJoryng-S/npflfyl ng vector, CeJr 30, 205-304 (1982), 

1 1. Kwong, KG. ft Frankei, N. The herpes simplex virus ampllcon IV. Effedent 
expression of a chimeric chicken ovalbumin pene amplified within defective 
virus oenomes. Mfo/ofly 142, 421-426 (1985). 

12. Kap^M.Q^SfsJLExu^wlonOfefunotioftaJ fcw^gngaTOinaduttmamrriaJlan 
bi^nMMnofnvlvotrttnsfsrvlaahafpessEmplex virus type 1 defective viral 
vector, Mofec. osft Ntwcud. 2, 320-330 (1991). 

13. Kapfitt, M.G. of aL Froproenkephalln promoter yields reglon-spsdflc and 
Iopidt term expression in adult brain following direct in vivo gene transfer via 
a defective herpes elmpfex viral vector. Proa nam. Acad, ScS. U.S. A 19, 
8970-8983(1904). 

14. Ho, D.Y., MocsrsM, £6, 6 Sapotaky, RM. Altering centre) nervous system 
phystotooy adstooUve herpes shplsK virus veoto expressing Ito 
transporter gene, Aoc natn. Acad. Set USA 60, 3655-3859 (1993). 

16. Gefler, A.I., KeyomarsW, K., Bryan, J. & Pardee, A.S- An sfflclsnt deietton 
mutant packing syetomfof defective HSV-1 vectors potent applications 
to neuronal pnysJoiogy snd human gene therapy. Ptoc natn. Acad, $d. 

. . USA 87, 8060-8954 (1900) . 

18. Berne, Kl 4Heuswlrth. W.W. Adeno-assocJated viruses. AoV, Vkusffex 28. 
487-409(1979). 

17. Muzyczka,N. Ueeof aoMmc-associated vkueasagenemi transduction vector 
tor niommaJlan osib. Cum Top. MfcrobM fmmunol. 158, 97-129 (1992). 

1 8. SamutoXl. R.J., Chang. LS. & ShenK, T. A recombinant piasmld from which 
an Irifoctlousadeno^aasociated virus genome can be excised In vitro and Its 
use to study viral replication,./ VM. 81. 3098-3101 (1987). 

19. Samulskl, Ft J.. Chang, L 3. & Shank, T, Helper-free stocks of adenc- 
escciaiad viruses: norniellrteo^^ 

J. Wro/. 83, 3822-3828 (1989). 

20. Yahr, M.O. & Betgmann, KJ. (eds) PartoVwon'j ofteese. (Raven Press, New 
York, 1987). 

21 . Yahr, M.D, ef a/. Treatment 01 parWnsonlsm with lavadopa. Arch. Nauru*. 21 , 
343-354(1969). 

22. Wotff, J A at a/. Grafting fibroblasts genetically modified to produce L-dopa 
inaratriwc^ofParxrrison'eDtsease.Pnw./wm^ 

9014 (198$. 



23. Freed, YfJ. at at. Resomtion of dopaminergic function by grafting of fetal rat 
substantia nigra to the caudate nucleus: long-term behavioral, bkKtomtcal, 
and Wstocbemfcal studies. Ann. Neurol. 8, 610-61 9 (1987). 

24. HorreToUp P. ef at. to vtvo release of dope and dopamine from genetically 
engineered cells grafted to the dsnervated rat atrialum. Neuron 6, 383-402 

(1990) . 

25. Jiao, 9„ Gurevlch. V. & Wolff, JA Long term correction of rat model of 
Parkinson's Disease by gene therapy. Nature 282, 430-153 (1993). 

26. Jones, N.C, & Shenk, T.s. Isolation of deletion and subattutfon mutants of 
adenovirus type 5.Ceff 13, 181-188 (1978). 

27. Nuovo, G.J. eta/, An improvedteohnlquefor thein situ detection of ONA after 
polymerase chain reaction ampllflcatlon. Am. J. Pathol. 139, 1239-1244, 

(1991) . 

28. Nuovo, Q.J. ef al. importance of different variables for enhancing In sttu 
detection of PCR-empJIfled DMA. PGR Math. AppL 2, 306-312 (1993). 

29. Hotfe.T.R.erai'.Stablalnvlvoexpresslonofmacystlcflbrosb 
conductance regulator with an adeno-eseooleted virus vector. Proo. natn. 
Acad. So/. U.S.A 90, 10613-10617(1993). 

30. O'-MeUey, K.L ef at. Isolation and oharaoterizatlon of the human tyrosine 
hydroxylase gene: Identification of 5' alternative splice sites responsible for 
multiple mRNAs. Biochemistry 28, 6910-891 4 (1987). 

31. Dubach,W,sf a/. Primate neostrtatsJ neurons containing tyroainehydroxylasaj 
Immu noh Woenem+ca I evidence. NautosU Lett. 75, 205-210 (1990). 

32. Heftl, F., Metamed. E. & Wurtman, RJ. Partial lesions of the dopaminergic 
nigrostrlatal system In rat brain: Biochemical characterization. Bmln Res. 

193, 123-127(1980). 

33. Hatgmves, R. & Freed, W, J. Ghronlo intrasirfatsJ dopamtns Infusions In rats 
with unilateral lesions of (he substantia nigra. UfeSd. 40, 959-068 (1987). 

34. Freed, W J, at a/. Resoration of dopaminergic function by grafting of fetal rat 
substantia nigra to the caudate nucleus: long-term behavioral, btochemtcal, 
and hfatochemteel studies. Ann. Neurol, 6, 510-519 (1 987). 

35. l^t*cwskl,J.& r MeNd,y l M.M^ 

virus: a vector system for efficient Introduction and Integration of ONA Into 
a variety of mammaHan cell types. Ate/ec osllL Btol. 6, 3888-^996 (1938). 

36. Scharfmenn, ft., Axelrod, J.H. 4 Vernia, I.M. Long -term fn vivo expression of 
retrovirus -mediated gene transfer In mouse fibroblast Implants, flroc. neto. 
Acad. Sci. USA 88. 4828-4830 (1901). 

37. Samulskl, R J. ef al. Targeted Integration of adeno^soclated vims (AAV) 
mto human chromosome 10.£MBOJ. 10, 3041-3950(1091). 

38. McLaughl I n, S.K, eta}. Adano-aflsoclatod vVus oeneral tranedu ct Ion vectors; 
Analysis o1 provlral structuras. X Wro/. 82, 1963-1973 (1988). 

39. Poole, S, ef a/. Gone transfer Into hematopotellc stem cells using AAV 
vectors: targeted integration Into chromosome 1 9. Blood (In the press). 

40. Graham, F.L. & van der Eb, A. J. A new technique for the assay of lnfectlvrty 
of human adenovirus 5 ONA, WrQtogy 82, 468-467 (1973). 

41. Graham, F.L. Smiley, J., ftu&sellj W.C. & Nairn, R. Characterization of a 
human cell line transformed by DMA from human adenovirus type 6. J. gen. 
Wot. 38, 69-74 (1977). 

42. Paxlnoe, G. 4 Watson , C , The rat brain /rt s toreotaxlc ccofdfnatos. (Academic 
Press, Australia. 1982). 

43. Perese, DA, Utman. J., viola, J., Ewfng, s.E. A Sanklewlcz, K.S, a 8- 
hydroxydopemlneHnduced selective parkinsonian rat model, flmfrr fles, 
494. 285-293 (1989). 

44. During. M.J. ef al Biochemical and behavioral recovory in a rodent model of 
Parkinson's Disease following stereotactic Implantation of dopamine- 
containing liposomes. Exp. Neurol. 116, 193-199 (1992). 



154 



Nature Genetics volume 6 October 1994 



